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A three-step graded undoped-InGaN layers embedded between the GaN last quantum barrier layer and
the p-AlGaN electron blocking layer was proposed and its effect on the performance of InGaN/GaN
light-emitting diodes was investigated both experimentally and theoretically. In the proposed structure,
the electron leakage is found to be effectively reduced, while the hole injection efficiency is
simultaneously increased significantly, hence enabling a greatly enhanced radiative recombination rate
within the active region. As a result, improvements of 12.25% in the optical output power and 11.98%
in the external quantum efficiency are obtained from the proposed device with the respect to the
reference device.VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4873395]
In recent years, the nitride based optoelectronic devices,
including light-emitting diodes (LEDs) and laser diodes
(LDs), are promising a revolution in energy-efficient lighting
and displays by replacing the conventional incandescent
and/or fluorescent lamps,1 and remarkable progress has been
thus far achieved in the performance of these devices. To
date, high brightness LEDs and long lifetime LDs have been
realized and commercialized.2,3 However, there is still a
large room for the electronic structure design and perform-
ance levels of III-nitride devices to be further improved. The
performance of these solid-state devices can be largely lim-
ited by several loss mechanisms. For example, electron leak-
age out of the multiple quantum wells (MQWs) active
region4–6 and low hole injection efficiency7–9 are two of
such main loss mechanisms.
A p-type high energy band gap AlGaN electron blocking
layer (EBL) behind the active region is conventionally used
to improve the electron confinement within the QWs and to
suppress the electron leakage. Yet the p-AlGaN EBL (p-
EBL) also generates an unavoidable potential barrier for
holes, which undesirably impedes the hole transport into the
MQWs active region. An increased Al content in the EBL
for a stronger electron confinement simultaneously makes it
more difficult for holes to enter the MQWs. Thus, several
InGaN/GaN LEDs with novel p-EBL designs have been
proposed10–12 to mitigate the problem. Moreover, an n-type
doped EBL structure,13 an InGaN staircase electron injec-
tor,14 and polarization matched AlGaInN quantum barriers
(QBs)6 have also been proposed to suppress the electron
leakage. Meanwhile, it has been reported that the hole
injection efficiency is improved by tailoring the last quantum
barrier (LQB) in InGaN/GaN light-emitting diodes without
sacrificing the electrons confinement capability.15–21 For
examples, inserting a p-InGaN layer before the p-EBL,15–18
applying a p-InGaN/GaN superlattice as the LQB,19 p-type
doping LQB,20 and thinning the LQB21 have previously been
proposed. However, all of these approaches have to deal
with the Mg back-diffusion to the last few QWs. These Mg
dopants introduce deep nonradiative recombination levels
and severely weaken the radiative recombination in QWs,
particularly in the last few QWs, which actually contribute
the most to the light generation among other QWs. However,
these methods have their own limitations including the main
one on the incapability of addressing both the factors simul-
taneously. Also, typically these special epitaxial layers are
difficult to grow and typically adversely influence the radia-
tive recombination rate.
As it is well known, in the conventional GaN LQB de-
vice, electron leakage is due to several reasons including car-
rier escape from QWs, incomplete carrier capture by QWs,
and reduced barrier heights of the LQB and the p-EBL.6,10 In
the [0001] oriented InGaN/GaN epi-films, the electric field is
induced by the positive sheet charges at the GaN LQB/p-
EBL interface due to the spontaneous and piezoelectric
polarization effects and hence the corresponding electric
fields in the GaN LQB region and the p-EBL reduce the re-
spective conduction barrier heights, resulting in severe elec-
tron leakage. The corresponding electric field extracts
electrons from the QW, leading to a significant decrease in
internal quantum efficiency. The electrons escaping from the
GaN LQB region flow over the p-AlGaN EBL to the p-GaN
due to the lower effective potential barrier height fora)Electronic mail: VOLKAN@stanfordalumni.org
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electrons at the GaN LQB/p-EBL interface. It should be
noted that the upward energy slope in the p-EBL actually
helps prevent electron overflow, but its effect is usually over-
whelmed by the lowering of the effective potential barrier
height. The electron leakage leads to insufficient hole supply
into the active region because the electrons flowing into the
p-GaN region recombine with holes in p-GaN region.22,23
In this work, we proposed and demonstrated an electronic
structure comprising three-step undoped-InGaN grading
from low In content to high In content (designed with
In0.015Ga0.985N/In0.052Ga0.948N/In0.09Ga0.91N) inserted between
the GaN LQB and the p-EBL. The proposed three-step
undoped-InGaN LQB simultaneously both reduces electron
overflow (by suppressing the electron leakage) and promotes
hole injection (by improving the hole transport). The three-step
undoped-InGaN LQB architecture epi-design and structure
does not add any difficulty to the growth process or cause any
degradation of the radiative recombination. In the proposed
structure, we systematically investigated the underlying physi-
cal mechanisms of electron overflow reduction and hole
injection promotion. It has been consistently found both experi-
mentally and theoretically that this design with the three-step
graded undoped-InGaN LQB can help to suppress the electron
overflow and at the same time enhance the hole injection effi-
ciency more effectively compared to the conventional GaN
LQB region. The low In content at the interface of GaN LQB
will increase effective potential barrier height for electrons (by
suppressing the electron leakage) and better hole transport into
QWs, while high In content at the interface of p-AlGaN
EBL will decrease the effective potential barrier height for
holes, promoting hole injection from hole source p-GaN.
Consequently, enhanced optical output power and external
quantum efficiency (EQE) from the proposed devices have
been demonstrated.
In this study, two sets of InGaN/GaN LED wafers (i.e., the
reference device and the proposed device) were grown by
metal-organic chemical vapor deposition (MOCVD) system.
The epitaxial growth of the two LEDs was initiated from
cþ-sapphire substrates. Both the LEDs consisted of a 4 lm
thick unintentionally doped GaN (u-GaN) layer grown on a 30
nm GaN buffer layer, followed by a 2 lm thick Si-doped GaN
layer (n-GaN) with the doping concentration of 5  1018
cm3. The six-period In0.13Ga0.87N/GaN MQWs with 3 nm
thick well and 12 nm thick barrier were grown after the n-GaN
region. In composition in InxGa1xN was controlled by adjust-
ing TMIn flow during InGaN growth. For the reference device,
a 17 nm thick GaN LQB was grown following the last QW.
For the proposed device, an 8 nm thick GaN barrier followed
by three-step u-InGaN layers of 3 nm each with graded In con-
tent from low to high (namely, In0.015Ga0.985N/In0.052Ga0.948N/
In0.09Ga0.91N) were grown after the last QW. Both the refer-
ence device and the proposed device had a 25 nm Mg-doped
Al0.20Ga0.80N layer as the p-EBL, and then a 200 nm thick
Mg-doped GaN (p-GaN) region with an effective hole concen-
tration of approximately 3 1017 cm3.
After the MOCVD epitaxial growth, the samples were
further fabricated into chips with mesa areas of 350  350
lm2. Ni/Au bilayer with a thickness of 5 nm/5 nm was de-
posited and annealed to make a transparent current spreading
layer, and Ti/Au (30 nm/150 nm) metal bilayer was then laid
down for both p-contact and n-contact pads. The LED sam-
ples did not include light extraction structures.
Electroluminescence (EL) spectra were measured using the
LED quick tester (M2442S-9A Quatek Group) and the opti-
cal power was measured by an optical integrating sphere
attached to an Ocean Optics spectrometer (QE65000), which
was calibrated with a standard light source.24
The EL spectra are shown in Figs. 1(a) and 1(b) for the
reference device and the proposed device, respectively. It
can be seen that the EL intensity from the proposed device is
stronger than that of the reference device from lower injec-
tion current of 20 mA to higher injection current of 150 mA.
The EQE and the optical power are depicted as a function of
the injection current in Fig. 2 for both the devices. Compared
with the reference device, the proposed device shows higher
EQE and larger optical power throughout the whole current
range measured. The optical output power from the proposed
device is 28.13 mW, which is about 12.25% higher than that
of the reference device (25.06 mW) at the current level of
150 mA. The EQE of the proposed device is about 11.98%
higher than that of the reference device at 150 mA. This
observed improvement of the optical power and the EQE is
well attributed to the simultaneous reduction of the electron
overflow and enhancement of the hole injection efficiency
enabled by the proposed three-step u-InGaN LQB, and the
details are to be discussed and demonstrated subsequently.
To reveal and understand the physical mechanisms
behind the improvements observed in Figs. 1 and 2, theoreti-
cal simulations have been performed. In the theoretical simu-
lations, APSYS simulation program has been used to solve
self-consistently the Poisson’s equations, continuity equa-
tions, and Schr€odinger equation with proper boundary condi-
tions. The surface charges at the interfaces were calculated
using the methods developed by Fiorentini et al.25 The
charge density screened by the injected carriers was also
determined self-consistently at current injection levels. The
parameters used in the simulations, including the Auger
recombination coefficients, the Shockley-Read-Hall recom-
bination coefficient, the energy band offset ratio, and the
polarization level for devices along the c-orientation, can all
be found elsewhere.24
Figs. 3(a) and 3(b) present the simulated energy band
profiles for the reference device and the proposed device at
20 A/cm2, respectively. The significant difference in the
energy band profile for the two devices lies in the LQB
region interfacing with the p-EBL. The conduction band of
the proposed device bends upwards at the interface of the
GaN LQB region and the three-step u-InGaN region in con-
trast to the downward bending of the conduction band of the
reference device. At 20 A/cm2, the effective potential barrier
height for electrons (D1eLQB) is calculated to be 362meV
for the proposed device compared to that of the reference de-
vice of 210meV as shown in Table I. The higher energy bar-
rier is helpful for a better electron confinement in QWs and
it is caused by the accumulation of the negative polarization
charges at the interface of the GaN LQB and the three-step
u-InGaN LQB. On the other hand, the conduction band is
bending downward in the GaN LQB region of the reference
device due to the accumulation of the positive polarization
charges at the interface of the GaN LQB and the p-EBL.
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The accumulation of different polarity charges at the
interface of the LQB and the p-EBL for the two devices can
be confirmed from the comparison of the simulated electro-
static field (E-field) in the GaN LQB region at 20 A/cm2 as
shown in Fig. 4(a). The positive value of the E-field repre-
sents the direction of E-field to be the same as the growth
direction cþ. The positive value of the E-field was observed
in the GaN LQB region of the proposed device, whereas the
negative value of the E-field was observed in the GaN LQB
region of the reference device. The positive value of the
E-field helps in increasing the electron barrier height and
improving the electron confinement in QWs of the proposed
device, which is reflected in the increase of the electron con-
centration as shown in Fig. 4(b). This can also be further
confirmed by looking at the normalized electron current as
shown in Fig. 4(c). In the proposed device, a large number of
electrons are consumed in the QWs regions, leaving very lit-
tle leakage current in the p-GaN region compared to that of
the reference device. In addition to the improved electron
confinement by the u-GaN/three-step graded u-InGaN last
barrier, the increased effective potential barrier height for
electrons at the three-step graded u-InGaN LQB/p-EBL
interface, which originates from the increased band offset
between the u-InGaN and the p-EBL as shown in Table I,
also reduces the electron overflow. The three-step graded
u-InGaN LQB layer forms a deep potential valley in the con-
duction band, which in turn increases effective potential bar-
rier height for electrons.16
The three-step graded u-InGaN LQB can also enhance
the hole injection efficiency mainly due to the reduced effec-
tive potential barrier height of the p-EBL for holes. As
depicted in Table I, the proposed device has presented a
FIG. 2. Optical output power and the EQE measured as a function of the
current injection for the reference device and the proposed three-step graded
u-InGaN LQB device.
FIG. 1. EL spectra measured from (a) and (c) the reference device and (b) and (d) the proposed three-step graded u-InGaN LQB device.
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reduced potential barrier height for holes and an increased
potential barrier height for electrons compared to those of
the reference device. The reduced potential barrier height for
holes is attributed to the reduced positive effective E-field in
the p-EBL layer as shown in Fig. 4(a) resulting in the
enhanced hole injection efficiency from the p-EBL. The
reduced positive effective E-field in the p-EBL layer could
be originated from the higher relative static permittivity of
the three-step graded u-InGaN LQB layer. It is worth noting
that the E-field in the p-EBL is inversely proportional to the
relative static permittivity of the material, which is interfaced
with the p-EBL.26–28 The improved efficiency of hole injec-
tion to the MQWs by incorporating the three-step graded
u-InGaN LQB is confirmed by the simulated hole concentra-
tion distribution as shown in Fig. 5(a). The combining effect
of the electron overflow reduction from MQWs and the hole
injection enhancement by the application of the three-step
graded u-InGaN LQB, therefore, enhances the radiative
recombination rates as shown in Fig. 5(b), which explains
the enhancement of the optical output power and the EQE in
the three-step graded u-InGaN LQB device. Moreover, it is
worth pointing out that negligibly small radiative recombina-
tion rate is observed in the three-step graded u-InGaN layers
due to insignificant smaller hole concentration and that the
EL emission is predominantly contributed from the QWs, in
particular largely in the 6th QW. From the experiment, as
shown in Figs. 1(c) and 1(d)), a single EL emission with
almost the same spectral width is observed, except the fact
that a higher EL intensity level is obtained from the proposed
device at different injection currents in Figs. 1(a) and 1(b),
compared to the reference device.
In conclusion, the InGaN/GaN LED with the three-step
graded u-InGaN LQB inserted between the GaN LQB region
FIG. 3. Energy band diagrams calculated at 20 A/cm2 for (a) the reference
device and (b) the proposed three-step graded u-InGaN LQB device. Here,
Ec, Ev, Efe, and Efh denote the conduction band, valance band, and
quasi-Fermi levels for electrons and holes, respectively.
FIG. 4. (a) Electrostatic field, (b) electron concentration, and (c) normalized
electron current simulated at 20 A/cm2 across the InGaN/GaN QWs region
in the reference device and the proposed three-step graded u-InGaN LQB
device for comparison.
TABLE I. Energy barrier heights computed for the reference device and the
proposed three-step graded u-InGaN LQB device at 20 A/cm2.
Device D1e-LQB D1e-EBL D1h-EBL
Reference device 210meV 325meV 469meV
three-step graded u-InGaN LQB device 362meV 490meV 358meV
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and the p-EBL has been proposed and studied in this work.
Our findings indicate that the three-step graded u-InGaN LQB
can suppress the electron escape from the MQWs and improve
the hole injection efficiency at the same time, and as a result,
the optical power and the EQE are significantly improved as
confirmed both experimentally and theoretically.
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